Insulin is present in most maintenance media for human embryonic stem cells (hESCs), but little is known about its essential role in the cell survival of individualized cells during passage. In this article, we show that insulin suppresses caspase cleavage and apoptosis after dissociation. Insulin activates insulin-like growth factor (IGF) receptor and PI3K/AKT cascade to promote cell survival and its function is independent of rho-associated protein kinase regulation. During niche reformation after passaging, insulin activates integrin that is essential for cell survival. IGF receptor colocalizes with focal adhesion complex and stimulates protein phosphorylation involved in focal adhesion formation. Insulin promotes cell spreading on matrigel-coated surfaces and suppresses myosin light chain phosphorylation. Further study showed that insulin is also required for the cell survival on E-cadherin coated surface and in suspension, indicating its essential role in cell-cell adhesion. This work highlights insulin's complex roles in signal transduction and niche re-establishment in hESCs. STEM CELLS 2019;37:1030-1041 
INTRODUCTION
Insulin is an essential hormone and it regulates glucose metabolism, gene transcription, and protein translation in our body [1] [2] [3] . Insulin is present in most maintenance media for human embryonic stem cells (hESCs) [4] [5] [6] [7] . However, it is rarely discussed how hESCs would behave in the absence of insulin, and it is unknown what molecular mechanisms are associated with insulin functions. Here, we report that insulin plays essential roles in the survival and cell adhesion in individualized hESCs during expansion and stem cell manipulations.
As a common serum component, insulin is widely used in most cell culture-based studies [6] [7] [8] . For hESC cultures, the majority of culture systems contain insulin [6, 7] . We previously reported that individualized hESCs die without insulin during passaging; hence, insulin is deemed as an essential component to assemble E8 hESC medium [7] . In the rare cases where insulin is not used, insulin-like growth factor (IGF) is present in the medium. It is suggested that insulin and IGF support hESC self-renewal in similar pathways [3] . Insulin shares sequence homology with insulinlike growth factor 1 (IGF1) and insulin-like growth factor 2 (IGF2). They all belong to the insulin superfamily of peptide hormones [9] . Insulin and IGFs can all bind to insulin receptor (INSR) family members including INSR, insulin-like growth factor 1 receptor (IGF1R), and IGF2 receptor (IGF2R) [10] . The ligand binding to these receptors activates phosphoinositide 3-kinase (PI3K) and subsequently protein kinase B (AKT) kinases to promote cell proliferation [11] . In hESCs, the PI3K/AKT activation is essential for pluripotency by suppressing FOXO3a expression [11, 12] . PI3K inhibitors promote the exit of self-renewal and drive lineage-specific cell differentiation [13] [14] [15] .
In addition to insulin and other signal stimuli from medium, hESCs also require extracellular matrix (ECM) to survive and for self-renewal [16, 17] . The soluble growth factors, the ECM, and the surrounding cells form the stem cell niche, which is necessary for pluripotency and cell survival [4, 16, [18] [19] [20] . Integrin and E-cadherin coordinate to maintain hESC adhesion, cytoskeleton organization, and the integrity of stem cell colonies [21, 22] . hESCs have been successfully cultured on various ECMs including matrigel, vitronectin, E-cadherin, and bioactive peptides [7, 23] . Matrigel, vitronectin, and bioactive peptides activate integrin receptors to regulate the organization of actin stress fibers through focal adhesion kinase (FAK) activation. Focal adhesions (also known as adhesomes) are formed through activated integrin cytosolic domains that assemble a complex of proteins including FAK, Paxillin, Talin, Kindlin, and Vinculin [24] . Focal adhesion complexes interact with actin fibers to regulate cytoskeletal structure and promote cell attachment and migration [24, 25] . Meanwhile, endogenous E-cadherin is activated by E-cadherin from neighboring cells or culture supplement, and then it organizes actin stress fibers through β-catenin [26, 27] . Both integrin and E-cadherin have been reported to promote cell survival and proliferation through kinase cascades such as PI3K/AKT and MAPK pathways [28, 29] . Interference of integrin or E-cadherin pathways usually leads to cell death and differentiation [18, 30] . Even though both cell adhesion and insulin are essential components of the stem cell culture, it is unclear whether these two pathways interact to affect pluripotency and cell survival.
hESCs thrive in colonies and expand quickly. However, their niches have to be routinely disrupted for practical reasons. hESCs need to be frequently passaged every few days and the cells are often individualized for gene targeting and differentiation as well [31] [32] [33] . Individualization disintegrates niche structures and the hESCs lose both cell adhesion and focal adhesion. In the process, rho-associated protein kinase (ROCK) is activated to initiate actinomyosin contraction and severe cell death of individualized cells is usually observed after being replated to ECM-coated surfaces [7, 8, 34] . With higher plating density, a significant portion of cells survives after they manage to re-establish cell-cell and cell-ECM adhesions in time [35] [36] [37] . When ROCK/ actinomyosin axis is inhibited by small chemicals such as Y-27632, nicotinamide, or blebbistatin, cell survival is significantly improved in either ECM-containing or ECM-free conditions [38, 39] . Caspasedependent apoptosis is often considered a downstream event of ROCK activation in cell death after individualization [4] . However, there is no report on whether alternative pathways regulate caspase activity during the passaging process.
In order for the individualized cells to survive after passaging, the hESCs need to re-establish their stem cell niches [37] . We are particularly curious why hESCs die so quickly without insulin after individualization [7] . We hypothesize that insulin could play essential roles for hESCs to re-establish niches. In this study, we dissected the culture components contributing to cell survival and explored molecular mechanisms of insulin in the survival of individualized hESCs. We demonstrated that insulin is required for cell survival in the first 2-4 hours after individualization. Insulin activates the IGF receptor and PI3K/AKT pathways and suppresses caspase cascades independent of ROCK pathway. We also found that the constitutive activation of IGF1R/AKT pathway only partially rescued cell survival. Further analysis shows that insulin stimulates integrin activation and promotes cell adhesion and niche formation. IGF receptor colocalizes with focal adhesions and promotes the reorganization of focal-adhesion proteins and cytoskeleton proteins independent of PI3K/AKT activation. After individualization, insulin and ROCK inhibitor synergistically promote cell survival. This study suggests that insulin not only activates the IGF1R/AKT pathway but also stimulates cell adhesion to promote cell survival. The study reveals the molecular mechanism of insulin's essential roles in hESCs and establishes hESCs as a novel platform to study cell adhesion and niche formation.
MATERIALS AND METHODS
hESC Culture hESCs (H1 and H9) and human-induced pluripotent cell line NL-1 were maintained using matrigel-coated tissue culture plates in E8 medium [7] . The cells were passaged every 3 days using EDTA method in the presence of Y-27632 as previously described [35] . Medium was changed daily. hESCs with normal karyotype were used from passage P27 to a maximum of P50.
Survival Assay
hESCs (H1) were dissociated with TrypLE (Gibco, Waltham, Massachusetts, USA) for 10 minutes at 37 C, collected, and washed twice with Dulbecco's modified Eagle's medium (DMEM)/F12 (Gibco) to remove all traces of insulin. Then the cells were plated with different treatments on a matrigelcoated surface for the survival experiments. The cells were then harvested with TrypLE at specified time points and cell counts were determined using a BD Accuri C6 flow cytometer. Cell counts were normalized to the original cell number that was plated.
Annexin V Assay
Annexin V assays were carried out using Dead Cell Apoptosis Kit (ThermoFisher, Waltham, Massachusetts, USA) following manufacturer's protocols. Briefly, cells were harvested, washed with 1× phosphate-buffered saline (PBS; Gibco) and resuspended in 1× annexin-binding buffer. Cells were stained with FITC-Annexin V and propidium iodide (PI) at room temperature (RT) for 15 minutes and then analyzed on BD Accuri C6 flow cytometer.
Caspase 3/7 Assay
Caspase 3/7 activation was measured using CellEvent Caspase-3/7 Green Detection Reagent (ThermoFisher) following manufacturer's protocols. Briefly, the cells were plated on a matrigel-coated surface with different treatments for 1.5 hours. The Caspase 3/7 detection reagent was added to the cells and incubated for an additional half-hour at 37 C. Then the cells were harvested and analyzed using a BD Accuri C6 flow cytometer.
Western Blot
For Western blot of soluble proteins, cells were collected using a 1:1 mixture of RIPA buffer and 2× laemmli buffer supplemented with benzonase 1:2,000, protease inhibitors, and phosphatase inhibitors. Samples were sonicated to solubilize the proteins. The protein concentration was measured by Pierce BCA Protein Assay Kit (ThermoFisher). After SDS-PAGE using 8% to 15% gel, proteins were transferred onto a PVDF membrane. The membrane was blocked using 10% milk in 1× TBST buffer for an hour, incubated with the primary antibody in bovine serum albumin (BSA) 2% (Sigma, Saint Louis, Missouri, USA) for 2 hours, and then with [40] . In order to constitutively activate AKT1 and AKT2, a myristoylation signal sequence was fused to the N-terminus of AKT1 and AKT2 [41] . The AKT1 and AKT2 were introduced to pSIN4 plasmid through the restriction sites of SpeI and NsiI (New England Biolabs, Ipswich, Massachusetts, USA).
For the constitutively active IGF1R, the extracellular/transmembrane domain of human CD8a (amino acids 1-218) was fused with the intracellular domain of IGF1R (amino acids 964-1,367) [42] . CD8 and IGF1R fragments were inserted together into pSIN4 vector through the restriction sites of SpeI and NsiI.
Lentivirus Packaging and hESC Transduction
293FT cells were maintained in DMEM/10% fetal bovine serum medium until 60% confluence. For lentiviral transfection, AKT1, AKT2, and IGF1R overexpression constructs (see above) were combined with the packaging plasmids psPAX2 and pMD2.G (Addgene, Watertown, Massachusetts, USA) and used to transfect 293FT cells using the polyethylenimine method. Viral supernatant was collected at 48 hours and used to transduce the H1 cells (30%-40% confluence) with polybrene. Transduced cells were selected with puromycin.
Cell Cycle Analysis
After EdU is added to the cells for 1 hour at 37 C, cells are harvested with TrypLE and washed with PBS 1×. A second wash with ice-cold 1× PBS is done before fixing the cells with cold 70% ethanol and storing them 24 hours at −20 C. Cells were centrifuged, washed with cold PBS 1×, and incubated in PI/Triton X-100 staining solution for 15 minutes at 37 C. Samples were transferred to ice and analyzed using a BD Accuri C6 flow cytometer.
Immunostaining
Cells were cultured on coverslips that have been sterilized with ethanol 75% and coated with matrigel 1 mg/ml previously. After the length of the treatment, the cells were washed with 1× PBS (Gibco) and fixed with paraformaldehyde 4% for 20 minutes at RT. Cells were then washed with 1× PBS, permeabilized for 15 minutes with Triton 0.5%, and incubated with primary antibodies in BSA 2% for 2 hours at RT. After washing, the cells were incubated with secondary antibodies in BSA 2% for 1 hour at RT in the dark. Cells were washed twice with 1× PBS and the nuclei were stained with Hoechst-455 nm for 10 minutes in darkness at RT. Samples were mounted on slides and imaged using Carl Zeiss Confocal LSM710 microscope.
Statistical Analysis
Statistical analysis was made using two-tailed Student's t test. Statistical significance is described as p-value <.05 (*), p-value <.01 (**), and p-value <.001 (***).
Error bars are calculated according to the standard variation of the data. Each experiment is represented as mean AE SEM of three biological repeats, unless specified. Each phenotype has been repeated at least three times, showing a representative graph of each phenotype.
Antibodies Antibody name Brand
Catalog number 
RESULTS

Insulin Inhibits Apoptosis During Passaging
Chemically defined E8 medium can efficiently support hESC selfrenewal [7] ; hence, we examined the E8 medium components for their function in H1 hESC survival during passaging. We showed that insulin alone in base medium DMEM/F12 was sufficient to support the survival of individualized cells after being replated onto matrigel-coated plates and the survival rate was comparable to full E8 medium containing insulin, FGF2, and TGFβ (Fig. 1A) . Insulin also promoted cell survival on vitronectin-coated plates (Fig. 1B) . Meanwhile, FGF2 and TGFβ did not improve cell survival in the absence of insulin (Supporting Information Fig. S1A ).
The insulin effect on cell survival was repeatable in other hPSCs such as H9 and NL-1 (Supporting Information Fig. S1B ). However, this phenomenon is cell type-specific. For example, fibroblasts survive effectively in the absence of insulin after dissociation Fig. S1C ). Taken together, these data indicate that insulin is the only growth factor necessary for hPSC survival after dissociation, both on matrigel and on vitronectin. For simplicity of discussion, matrigel was the main coating material used for this study, unless otherwise specified.
Insulin not only improved cell survival in a dose-dependent manner (Supporting Information Fig. S1D ) but also affected cell survival in a time-dependent fashion. Insulin was most effective for cell survival when applied within the first 2 hours after replating and most cells died when insulin was added later than 4 hours (Fig. 1C) . In parallel, transient exposure to insulin in the first 4 hours significantly improved cell survival (Fig. 1D) . These data indicate that the first few hours are the critical time window for insulin to promote the survival of individualized cells after replating. In contrast to dissociated cells, undissociated cells respond differently to the removal of insulin. Even though the cell growth was arrested without insulin compared with regular culture containing insulin (Fig. 1E) , it took a few days for the cells to die out (Fig. 1F) . Cell death occurs in significantly shorter time in individualized cells without insulin and it indicates that insulin could play an additional role in the individualized cells that need to re-establish their niches.
ROCK and actinomyosin inhibitors are beneficial for the survival of individualized cells [37] . However, we found that ROCK inhibitor, Y-27632 did not sufficiently rescue cell survival in the absence of insulin (Fig. 2A) . Most Y-27632-treated cells died without insulin, but insulin and Y-27632 synergistically improved cell survival. This result suggests that insulin plays an essential role in parallel with ROCK pathway.
The exposure to insulin in the first few hours was critical for cell survival (Fig. 1C, 1D) ; hence, we examined whether insulin has any effect on apoptosis in dissociated cells with Annexin V assay. Without insulin, more than 25% of cells were Annexin V-positive, but insulin significantly decreased the Annexin V-positive population. In contrast, Y-27632 was not as effective as insulin. However, insulin and Y-27632 together suppressed the apoptotic phenotype most effectively (Fig. 2B) . At the same time, Caspase 3/7-activation assay demonstrated similar phenomena. Without insulin, caspase activity was detected in more than a 50% of individualized cells. The caspase activity was significantly suppressed by insulin, especially along with Y-27632 (Fig. 2C) . The impact of insulin on caspase was further confirmed by Western blot and insulin suppressed caspase cleavage in individualized cells (Fig. 2D and Supporting Information Fig. S2A ). These data indicate that insulin suppresses caspase activation and apoptosis and the function is parallel to ROCK pathway. Interestingly, although pancaspase inhibitor Z-VAD-FMK increased the number of adherent cells 24 hours after passaging (Fig. 2E) , those adherent cells could not grow up in the next few days even with insulin added later (Fig. 2F) . We also observed that the caspase inhibitor helps to improve the cell adhesion to the ECM, but cells did not migrate and form colonies (Supporting Information Fig. S2B ). These data indicate that under the insulin-free condition, caspase inhibition only suppressed the cell lysis but not cell death. 
Insulin Activates IGF Receptor to Promote Cell Survival
Insulin can activate both INSR and IGF receptors (IGF1R and IGF2R) [10] . In order to understand which receptor is involved in the insulin-dependent survival, specific receptor neutralizing antibodies were applied to the cells after passaging. Only anti-IGF1R antibody significantly suppressed cell survival, whereas anti-INSR and anti-IGF2R antibodies had no significant effect (Supporting Information Fig. S3A ). The result indicates that IGF1R is a main target for insulin to promote cell survival. Considering that IGF1R is also activated by IGF proteins, we tested IGF1 and IGF2 in the cell survival assay without insulin. IGF1 and IGF2 fully rescued cell survival in the absence of insulin (Fig. 3A) . IGFs promoted cell survival at a significantly lower concentration (50 ng/ml) than insulin does (10 μg/ml). It is consistent with the notation that IGF1R, not INSR, is the major receptor through which insulin promotes hPSC survival after dissociation.
The PI3K/AKT pathway is the main downstream pathway of insulin/IGF receptors and hence we examined the PI3K/AKT cascade after plating the cells. The cell survival was significantly lower under the influence of PI3K inhibitor LY294002 with the number of surviving cells decreased by about half compared with control (Fig. 3B) . AKT phosphorylation was increased by insulin but was suppressed by LY294002 ( Fig. 3C and Supporting Information Fig. S3B ) and AKT inhibitor IV killed all the cells in the presence of insulin (Fig. 3D) . The cell cycle of the surviving cells was also arrested at G1 phase in 24 hours by the presence of LY294002 (Supporting Information Fig. S3C ). These data indicate that PI3K/AKT pathway is essential for cell survival and insulin brings beneficial effect through the stimulation of PI3K and AKT activities.
Overexpression of PI3K/AKT Partially Rescues Insulin Phenotype
In order to confirm the function of IGF1R and AKT, we overexpressed constitutively active IGF1R, AKT1, and AKT2 in hESCs. Compared with the cell death phenotype in adherent cells shown in Figure 1E , each overexpression construct sustained cell proliferation in the absence of insulin and the growth trend is similar to the ones with insulin in medium (Fig. 3E) . It suggests that IGF1R and AKT are probably the main downstream effectors of 
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Next, we examined the effect of constitutively active IGF1R and AKT in individualized hESCs. Each ectopically expressed protein significantly rescued the cell survival of individualized hESCs in the absence of insulin (Fig. 3F ) in comparison with cell survival without insulin in H1 cells (Fig. 1A) . It indicates that IGF1R/AKT cascade contributes to cell survival under the influence of insulin. Surprisingly, each overexpressed protein only partially rescued the cell survival because the presence of insulin still led to significantly higher cell survival rate in those cells even in the presence of Y-27632 (Fig. 3G) . This result suggests that other critical pathway besides PI3K/AKT is regulated by insulin in supporting cell survival.
Insulin Promotes Focal Adhesion Formation
Due to insulin's indispensable role in individualized cells compared with adherent cells, we hypothesize that insulin could probably play some role in niche formation; hence, we examined whether insulin affects the re-establishment of cell adhesion. We showed that cell survival was inhibited by both anti-integrin β1 Godoy-Parejo, Deng, Liu et al. 1035 and anti-integrin α6 blocking antibodies even in the presence of insulin (Fig. 4A) . It suggests that integrin activation was required for cell survival. We then demonstrated that insulin significantly enhanced integrin β1 expression and its phosphorylation (Fig. 4B and Supporting Information Fig. S4A ) indicating that insulin promotes integrin activation after passaging.
Because insulin was most effective for survival in the first few hours after seeding (Fig. 1C, 1D ), we focused on insulin's impact on cell adhesion during this period. Consistent with its role in cell survival (Supporting Information Fig. S3A ), insulin significantly increased phosphorylated and total IGF1R in the cell (Fig. 4C and Supporting Information Fig. S4B ). Insulin also promoted the expression and phosphorylation of focal adhesion proteins FAK and Paxillin (Fig. 4D and Supporting Information  Fig. S4C ). After hESCs were plated on matrigel, cells attached to the surface normally with or without insulin (Supporting Information Fig. S4D ) and there were no significant phenotypical differences under microscope. Immunostaining showed that focal adhesions were present with or without insulin. However, more focal adhesions per cell were observed in the presence of insulin according to the staining of FAK, Paxillin, and phospho-FAK ( Fig. 4E and Supporting Information Fig. S4E ). Similar phenotype was observed in the constitutively active AKT-IGF1R cells where the overall number of focal adhesions per cell was higher than in H1 cells, but insulin still promoted a more intense and homogeneous distribution of focal contacts (Supporting Information Fig. S4F ). These results suggest that insulin is involved in focal contact formation in individualized cells. We then show that insulin also increased the colocalization of IGF1R and FAK (Fig. 4F) , which is consistent with protein expression levels shown previously (Fig. 4C, 4D ). Taken together, our results suggest that insulin promotes integrin activation and stimulates focal adhesion formation.
Synergistic Effect of Insulin and ROCK Inhibition in Different Culture Platforms
The formation of adhesomes is associated with the organization of the cytoskeleton and hence we examined whether insulin could affect cytoskeleton organization. During individualization by TrypLE, membrane blebbing emerges within 5 minutes of the TrypLE treatment. Immunostaining showed that Paxillin was sequestered in the membrane blebs just 5 minutes after the treatment with dissociation reagent TrypLE (Fig. 5A) . It indicates that individualization disrupted adhesome structure and caused protein relocation.
After individualization, MLC2 phosphorylation was significantly increased indicating that the membrane blebbing is caused by actinomyosin contraction (Fig. 5B and Supporting Information Fig. S5A ). When the individualized cells were replated onto a matrigel-coated surface, the morphology changed through time. Within 30 minutes after plating, hESCs displayed three morphologies: blebbing, round, and spreading. In the presence of insulin, blebbing cells continuously decreased, whereas spreading cells increased. In contrast, without insulin, spreading decreased and blebbing cells increased (Fig. 5C) . Meanwhile, round cells displayed different percentages initially but later reached similar ratio independent of insulin. It indicates that insulin promoted focal adhesion for spreading and inhibited membrane blebbing caused by actinomyosin contraction.
Membrane blebbing is often associated with increased phosphorylation of myosin light chain (MLC) and we showed that insulin significantly decreased MLC2 phosphorylation in comparison to cells without insulin within 30 minutes after passaging ( Fig. 5D and Supporting Information Fig. S5B ). It is possible that insulin stimulates focal adhesion formation, which indirectly decreases MLC2 phosphorylation in the reorganization of cytoskeleton. In comparison, Y-27632 was more efficient in suppressing MLC2 phosphorylation (Fig. 5D) , even though cells did not survive without insulin (Fig. 2A) . The dual treatment of insulin and Y-27632 led to the lowest MLC2 phosphorylation and the best cell survival (Figs. 5D, 2A) . We also observed that integrin blocking antibodies decreased cell survival in the presence of insulin and Y27632 (Supporting Information Fig. S5C ). It suggests that maximal cell survival requires the signals from insulin, integrin, and ROCK inhibition.
Besides insulin's function for the cell survival on matrigel, we also explored its role in ECM-free and E-cadherin based conditions. In suspension without ECM, hESCs form aggregates as embryoid bodies to survive. Without insulin, cells failed to form aggregates and all of them died even in the presence of ROCK inhibitor. Both insulin and ROCK inhibitor were required for the cell survival in embryoid body formation (Fig. 5E ). The constitutively active AKT1 partially rescued the cell survival in suspension without insulin. However, the maximum cell survival can only be achieved with both insulin and ROCK inhibitor (Fig. 5F ). Insulin also increased integrin β1 in suspension indicating that insulin can regulate integrin and focal adhesion even in the absence of exogenous ECM (Fig. 5G and Supporting Information Fig. S5D ). These data suggest that insulin supports hESC survival as aggregates through AKT pathway and cell adhesion. E-cadherin is required for hESC cell-cell adhesion to form their niche in cell aggregates and hence we examined whether insulin is necessary for the cell survival on E-cadherin coated surfaces. Without insulin, all cells died on E-cadherin coated plates. The cell survival was partially rescued by the constitutively active AKT1 (Fig. 5H) . This phenotype is similar to what we observed on matrigel-coated surfaces (Fig. 3F) . These data suggest that insulin is also essential for the E-cadherin mediated cell-cell adhesion and it contributes to the embryoid body formation through E-cadherin. In summary, insulin is indispensable for the maximum survival of hESCs on all culture platforms tested and it plays important roles in cell adhesion that supports cell survival.
Application of Insulin-Free Passaging in Cell Culture Practice
Based on our study of insulin's role in cell survival after dissociation, we proposed a model where insulin activates both cell adhesion and PI3K/AKT pathways to promote cell survival (Fig. 6A ) and applied this model to improve daily cell culture practices. When hPSCs are differentiated to specific cell types, it is often necessary to remove undifferentiated hPSCs from the cell population. Conventionally, small chemicals are used to kill hPSCs [43, 44] . Here, we examined whether insulin-free passaging can be used to eliminate undifferentiated cells.
Similar to fibroblasts (Supporting Information Fig. S1C ), we observed that following induction of differentiation by Bone Morphogenetic Protein 4 (BMP4) or the GSK3 inhibitor CHIR99021, differentiated hPSCs survived without insulin after individualization (Fig. 6B) . A green fluorescent protein (GFP)-labeled H1 hESC line was induced to differentiate by CHIR99021 for 4 days and then mixed with undifferentiated GFP-negative H1 cells. This mixed cell population was passaged with or without insulin. When insulin was present, the surviving cells maintained a ratio similar to the mixture before passaging. In contrast, differentiated cells were highly enriched when insulin was not added during passaging because almost all the undifferentiated hESCs died after plating (Fig. 6C) . These results suggest that insulin-free passaging can eliminate unwanted hPSCs without drug treatment in the production of specific cell types. It could serve as an effective alternative to chemical methods in improving the purity of differentiated cell types.
DISCUSSION
Our results demonstrate that insulin plays essential roles in hESC maintenance and expansion practices. Insulin activates PI3K/AKT pathway, suppresses caspase activity, and promotes the re-establishment of the stem cell niche after dissociation. Together with ROCK inhibitor, insulin/IGF help achieve optimal cell survival after dissociation. These essential functions of insulin have not been elucidated in hESCs previously.
ROCK inhibitor is considered the most important promoter for cell survival in individualized hESCs [37, 45] . However, all the ROCK inhibitor studies were conducted in insulin-containing media, so insulin's vital role has long been overlooked. By analyzing insulin function in defined culture, we show that insulin is the prerequisite for ROCK inhibitor-dependent cell survival in all culture platforms. Insulin is essential for both individualized cells and undissociated cells in colonies. Firstly, insulin activates IGF1R to initiate PI3K/AKT cascade for cell survival. PI3K/AKT pathway has essential functions in metabolism, transcription, and translation, so it is not surprising to observe that the ectopic expression of IGF1R and AKTs rescued the proliferation and survival of both undissociated and individualized cells. Secondly, we found that insulin is the primary suppressor of caspase activity and apoptosis and its function is independent of ROCK pathway. It is reported that caspase cascades are activated by ROCK and actinomyosin contraction after individualization [38] . Our study shows that caspase activity is mainly suppressed by insulin and ROCK inhibitor plays a supportive role. This finding enhances our understanding of cell survival mechanism in individualized hESCs. It is important to notice that caspase inhibitor alone failed to rescue cell survival. It suggests that other functions downstream of PI3K/AKT are also essential for cell survival in addition to caspase inhibition (Fig. 2F) .
Insulin plays more roles than PI3K/AKT activation and caspase inhibition. We showed that insulin was required for hESC survival in the first few hours after individualization, whereas undissociated cells survived without insulin for more than 2 days. Overexpression of IGF1R and AKT only partially rescued the cell survival. These findings led us to establish a model on how insulin promotes cell survival of individualized cells through reestablishing their niche. Insulin induced phosphorylation of integrin β1, increased colocalization of IGF1R and FAK, and enhanced the formation of adhesomes. The adhesome assembly then suppresses actinomyosin contraction and increases cell spreading and cell survival. It is reported in some specific cell types that IGF1R directly interacts with integrins and the activated IGF1R stimulates integrin-mediated focal adhesions [46] [47] [48] [49] . IGF is also required for integrin-IGF1R-based ternary complex formation in anchorage-independent survival [48] . In hESCs, it is reported that focal adhesion suppresses detachment and apoptosis [50] . Our data suggest that insulin and IGF sustain focal adhesions and suppress apoptosis. Based on these findings, we propose a working model to describe how insulin regulates cell survival through PI3K/AKT and cell adhesion pathways (Fig. 6A) .
hESC passaging involves niche disintegration and reformation and it could serve as a good platform to study functions of stem cell niche. In defined stem cell culture, we are able to choose specific ECM and medium components to study their interactions. In this study, we found that insulin is essential not only for cells on matrigel-coated surfaces but also for those cultured on E-cadherin or in suspension. In all the cases, IGF1R/AKT could not fully rescue the cell survival. It indicates that there are still more to explore about insulin/IGF function in the cell adhesion. We believe that the adhesion and survival after individualization could become an excellent model system to study niche formation.
Insulin-dependent cell survival is specific to pluripotent stem cells and differentiated cells lose the reliance on insulin. This unique characteristic allows us to eliminate undifferentiated hPSCs while enriching differentiated cell types. Eliminating hPSCs from cell products is a necessary step in cell therapy before transplantation. Small chemicals were previously used to remove stem cells from differentiated cell derivatives. However, it is unknown whether the chemical treatment would bring any complications to the cell products. Our approach provides an effective alternative to eliminate residual stem cells through a simple cell culture manipulation.
In summary, this study elucidates one important aspect of insulin as an essential growth factor for hESCs. Our results show that insulin plays multiple roles to promote cell survival and the re-establishment of stem cell niche in individualized hESCs. Insulin works as a central molecule to coordinate PI3K/AKT kinase cascade, caspase inhibition, and the formation of cell adhesion and ultimately promotes cell survival after individualization. This study helps people better understand the molecular regulation by insulin and IGF in hESCs and provides a model to study niche formation in hESCs.
CONCLUSION
In this report, we highlight insulin/IGF pathway as the most important factor in cell survival in parallel with the ROCK pathway. Our results suggest that insulin is the main regulator on caspase activity hESCs and it activates IGF1R/PI3K/AKT pathway to promote cell survival. Meanwhile, insulin stimulates cell adhesion during niche re-formation and is essential for optimal cell survival after passaging.
